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OUTDOOR AIR POLLUTION, HEALTH AND HEALTH COSTS IN VIRGINIA 
Report for State Advisory Board - Air Pollution 
Dudley F. Rochester, M.D. (November 2006) 

 
Introduction, Mission Statement & Scope 
 
The 2006 State Advisory Board – Air Pollution asked SAB member Dudley F. Rochester, 
M.D., to prepare a report on a) the impacts of outdoor air pollution on human health and 
health costs, and b) the effects of interventions to lower air pollution. 
 
The mission is to review the relevant medical, epidemiological and economic data in 
literature related to health effects of outdoor air pollution, to organize and interpret the 
findings of these articles, and to present the results in a format that emphasizes the 
impacts of outdoor air pollution on health and health costs in Virginia. 
 
Most of the available articles reviewed for this report focused on ozone and particulate 
matter.  The report summarizes data about direct effects of ozone and/or particulate 
matter on human health, health and other related costs, and impacts of interventions that 
lower air pollution levels on health and health costs. 
 
This report does not cover a) economic impacts of ambient air pollution such as damage 
to farm animals, crops and forests, or loss of tourism business; b) indoor air pollution; 
and c) mercury, which is the subject of a separate 2006 report by the State Advisory 
Board – Air Pollution. 
 
 
Executive Summary 
 

• Outdoor air pollution from ozone and fine particulate matter causes significant 
morbidity (asthma and other respiratory diseases, heart disease and stroke) and 
premature mortality (adult and infant).  The death rate attributable to air pollution 
is approximately 45% of that attributable to tobacco, and 8% of overall mortality. 

 
• Direct medical costs in the United States come to approximately $400 per year 

per Medicare recipient, and overall health costs are approximately $800 a year per 
adult.  In Virginia that comes to $4.8 billion per year, or 1.6 % of Virginia’s gross 
domestic product. 

 
• Interventions that lower the air concentrations of ozone and particulate matter are 

associated with reductions in respiratory illness and overall death rate.  In 
Virginia, a 33% reduction in current levels of ambient particulate matter and 
ozone would reduce respiratory illnesses in children by approximately one-third.  
Premature deaths would fall by 21 per 100,000 of the population per year 
(approximately 2.5% of the total death rate).  Reducing medical costs would save 
$1.6 billion per year. 

 



 2

Ozone & Particulate Matter (PM) 
 
Ozone precursors.  Volatile organic compounds (VOC) are substances such as paint 
thinners, gasoline, solvents and many other organic chemicals, from nature as well as 
from human endeavor, that evaporate into the air.  Oxides of nitrogen (NOx) are 
produced by burning fossil fuels in electric power plants, other types of factories and in 
internal combustion engines located on- and off-road.  Approximately 45% of VOC and 
63% of NOx come from mobile sources.  Ozone is formed in the troposphere, the part of 
the earth’s atmosphere that is close to the ground, through chemical reactions powered by 
sunlight and involving VOC and NOx.  Ozone can be transported by wind currents to 
hundreds of miles away from its source.  Sulfur dioxide (SO2) and NOx are important 
precursors of PM2.5 formed in the atmosphere. 
 
Sources of Particulate Matter.  Some fine particles come from disruption of the earth’s 
crust by sandstorms, excavation, volcanic activity and other phenomena.  Although the 
mass of particles of crustal origin is approximately four times that of particles resulting 
from the combustion of fossil fuel, we inhale many more of the latter because they are 
finer particles.  Fine particles originating from fossil fuel combustion are formed in 
stationary sources such as power plants and factories, as well as in mobile sources such as 
internal combustion engines on- and off-road, locomotives, construction equipment, farm 
and yard equipment, boats, airplanes etc.  In addition, fine particles are formed by 
chemical processes in the atmosphere involving gases emitted by burning fossil fuels.  
 
Classes of Particulates.  Particulate matter (PM) exists in multiple classes.  The term 
black smoke (BS) refers to a mixture of sizes, measured optically.  Another group is total 
suspended particulates (TSP).  Smaller particulates are referred to by their size, 
specifically, by their diameter in micrometers (µ).  The two principal groups of 
particulates monitored by US EPA and Virginia DEQ are those with a mean diameter 
under 10 μ (PM10) and particles with a mean diameter less than 2.5 µ (PM2.5).  PM10 and 
PM2.5 are referred to as fine particles.  On average, PM2.5 particles comprise about 70% of 
PM10 by mass.  However, PM2.5 particles are 10 to 100 times more numerous, and owing 
to their smaller size, they have a higher ratio of surface to volume. 
 
The concentrations of the different types of particulate matter in air tend to vary up and 
down together.  BS concentration is easily determined by absorption of light by 
particulate matter, and the BS level can be used as an indicator of diesel exhaust 
emissions (Gotschi 2002). 
 
Particulates Relevant to Health.  Most of the reports that deal with health effects of 
particulate air pollution concern PM10 and PM2.5.  These are the particulates that are most 
harmful to human health, especially those produced in motor vehicles (Laden 2000, 
Lanki 2006).  The technology for measuring PM2.5 levels in air was not widely available 
until the mid-1990s, so some studies report only on TSP, BS and other particulates. 
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Air Concentration Trends in Virginia 
 
Emissions of PM10, NOx, sulfate (SO2) and VOC fell by 10 to 46% from 1990 to 2002.  
In like fashion, air concentrations of ozone, PM10, NOx and SO2 fell by 12 to 39 % from 
1993 to 2003.  However, between 2004 and 2005 the air concentrations of ozone, PM10 
and PM2.5 increased by approximately 5 to 12% in Virginia (Table 1).  The utilization of 
electric power is projected to grow until 2050, the population of Virginia increased 
approximately 33% between 1980 and 2000, and vehicle miles traveled increased 99% 
during the same period.  Recently adopted EPA diesel, gasoline and emissions standards 
may ameliorate the rise in emissions of PM2.5 over coming decades.  However, if trends 
in population, power consumption and vehicle miles traveled continue upward, one can 
expect that particulate emissions and air concentrations will either continue to grow or at 
least remain high. 
 
Table 1, based on data supplied by the EPA website for cities and counties in Virginia, 
shows air concentration data for ozone, PM10 and PM2.5 for years 2004 and 2005.  The 
values for PM10 and PM2.5 are annual means; and the values for ozone are 8-hour 
maxima.  The EPA standard is 50 micrograms per cubic meter of air (μg/m3) for PM10, 15 
μg/m3 for PM2.5, and 80 parts per billion (ppb) for ozone. 
 

Table 1:  Average values for ozone, PM10 and PM2.5 in Virginia 
  Year Percent 
Pollutant Units 2004 2005 Difference 
Ozone ppb 75 79 +5.3 
PM10 μg/m3 18.8 21.0 +11.7 
PM2.5 μg/m3 13.2 14.1 +6.8 

 
The average values from all monitoring sites in the state for ozone and PM2.5 are close to 
the EPA standards.  In the large metropolitan areas of Virginia, the 8-hour ozone standard 
is often exceeded, and the PM2.5 standard is sometimes exceeded. 
 
 
Assessment of Health Effects 
 
The impact of air pollution on health can be assessed in multiple ways.  Questionnaires 
distributed to patients and/or their families provide information about respiratory 
symptoms such as wheezing, shortness of breath, tightness in the chest, cough and 
production of sputum.  The function of the lungs can be assessed by various breathing 
tests.  Such data can be recorded over many years to determine if there are long-term 
decrements in lung function.  Events such as the number of asthma attacks, visits for 
emergency care and hospitalizations can be tabulated.  Death rates from asthma, chronic 
obstructive pulmonary diseases (COPD) and lung cancer can be related to short-and long-
term exposure to ozone and fine particulates. 
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Mechanism of Air Pollution-Induced Illness 
 
Particle deposition in the lungs:  Respiratory and other illnesses may be related to the 
presence of fine particulate material in the lungs.  In a study that compared findings in 
Mexican and Canadian cities, the lungs of women who died of non-respiratory diseases 
were studied for their particle content.  The prevailing level of PM10 in the air was 4.7 
times higher in Mexico City than in Vancouver, and the lungs examined in Mexico City 
contained 7.4 times more particles than lungs from Vancouver.  The particles in the lungs 
had characteristics of diesel exhaust (Brauer 2001). 
 
Inflammation.  Ozone is a highly reactive substance that reacts with biological 
compounds to form oxygen free radicals.  These radicals are also highly reactive, 
promoting inflammation and damaging living tissues.  Fine particulate matter contains 
heavy metals and endotoxin which can also initiate inflammation (Ghio 2001, Long 2001, 
Tolbert 2002, Schaumann 2004).  Instillation of fine particles into the lungs of human 
volunteers evokes an inflammatory response characterized by the appearance of 
inflammatory cells and substances called cytokines in the lungs (Ghio 2001, Schaumann 
2004).  Humans who inhaled fine particulate matter developed biochemical markers of 
inflammation in their blood and urine (Fujii 2001, Ruckeri 2006, Rabinovitch 2006). 
 
The thickness of the inner and middle lining of the human carotid artery, which is related 
to inflammation in the lining, is proportional to the concentration of PM2.5 (Kunzli 2005).  
Cardiovascular mortality related to air pollution is thought to be mediated by 
inflammation (Pope 2004). 
 
 
Respiratory Illness 
 
Morbidity.  The prevalence of respiratory illness in children is related to levels of ozone 
and fine particulate pollution (Romieu 1996, Sheppard 1999, Gent 2003, Rabinovitch 
2006).  In addition to PM2.5 and PM10, TSP, SO2 and NOx are also involved (Zhang 
2002).  Deaths from asthma are related to NOx and ozone (Sunyer 2002).  Figure 1, 
based on data from Sheppard (1999) illustrates the number of hospitalizations per day in 
Seattle for asthma as related to the concentration of PM2.5.  Hospitalization rates for 
adults with respiratory diseases are also related to ozone and PM10 (Atkinson 2001, 
McGowan 2002). 
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Figure 1.  PM2.5 and Hospitalizations for Asthma
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Lung function.  As children grow, their lungs become larger and the numerical values for 
tests of lung function also increase.  Several studies involving three to eight years of 
follow-up have shown that deficits in the growth of lung function, as assessed by lung 
function tests, are related to exposure to ozone, fine particulates, NOx and acid vapor 
(Gauderman 2002, 2004, Horak 2002). 
 
Influence of traffic.  Respiratory illness in children and adults is higher in areas adjacent 
to high motor vehicle traffic (Hoek 2002, Garshick 2003, Kim 2004, McConnell 2006).  
Figure 2 (Kim 2004) shows the effect of the concentration of black carbon in the air on 
the prevalence of bronchitis in school children.  Each point on the graph is one school in 
Southern California.  It is clear that the higher the black carbon concentration in the air, 
the higher is the prevalence of bronchitis (a 40% increase in black carbon doubles the 
relative prevalence). 
 



 6

Figure 2.  Black Carbon & Bronchitis in Schools 
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Infant Morbidity & Mortality 
 
Low birth weight, a predictor of infant mortality, is associated with maternal exposure to 
SO2 and TSP during the third trimester of pregnancy (Wang 1997).  Exposure to CO, 
PM10 and NOx is associated with increased mortality in infants aged 1-12 months (Ritz 
2006).  Maternal exposure to ambient air pollution is associated with a variety of fetal 
abnormalities (Bocksay 2005, Perera 2002).  Cardiac defects in fetuses are associated 
with exposure of mothers to carbon monoxide and ozone in the first trimester of 
pregnancy (Ritz 2002). 
 
Infant mortality increases with increasing levels of PM10 (Ha 2003).  In US metropolitan 
areas, mortality from all causes, sudden infant death syndrome and childhood respiratory 
diseases increase in proportion to PM10 concentrations in the air (Kaiser 2004). 
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Cardiovascular Disease & Stroke 
 
Fine particulate pollution is associated with an increase in the incidence of heart attacks 
and precipitation of congestive heart failure (Wellenius 2005a, Wellenius 2006, Dominici 
2006), and in the incidence of ischemic strokes (Hong 2002a, 2002b, Wellenius 2005b, 
Low 2006).  The number of emergency admissions for heart attack and the risk of death 
from heart attacks both increase when PM2.5 increases (Zanobetti 2005, Dominici 2006).  
High levels of exposure to PM2.5 lead to atherosclerosis, which underlies both ischemic 
stroke and heart attacks (Kunzli 2005).  The probability of having a heart attack is 
increased by exposure to traffic (Peters 2004). 
 
 
Adult Mortality 
 
The association between fine particulate air pollution and increased risk of dying from all 
causes other than trauma has been demonstrated repeatedly (Schwartz and Dockery 1992, 
Dockery 1993, Pope 1995, Samet 2000, Goldberg 2001a, Goldberg et al. 2001b, Valois 
2001, Pope 2002, Ballester 2002, Medina 2004, Jerrett 2005).  The relative risk from of 
an exposure to equal mass concentrations is much higher for PM2.5 than from PM10 
(Samet 2000, Pope 2002).  Exposure to ozone carries a finite risk of mortality unrelated 
to exposure to particulates (Gryparis 2004, Bell 2005).  The risks of dying from COPD, 
lung cancer and heart disease after exposure to air pollution are substantially higher than 
the risk for all-cause mortality. 
 
Worldwide, PM2.5 causes about 3% of mortality from cardiopulmonary disease, 5% of 
mortality from cancer of trachea, bronchus and lung, and about 1% of mortality from 
acute respiratory infections in children under age 5 years.  It amounts to 0.8 million 
premature deaths (1.2 %) and 6.4 million years of life lost (Cohen 2005).  Even short-
term exposure to particulates increases the mortality rates beyond the effect of hastening 
the death of the most vulnerable people (Zanobetti 2002, Hoyos 2003). 
 
The data in Figure 3 (see below) are taken from the original six cities study (Dockery 
1993).  Each point in the graph represents a single city.  The six cities are located in the 
eastern and Midwestern parts of the United States.  The mean air concentrations of PM2.5 
ranged from 11 μg/m3 of air in the least polluted city to 30 μg/m3 in the most polluted. 
 
In the six cities study, the relative risk of dying is highest in the most polluted city.  These 
findings have not been altered by extensive reanalysis and follow-up (Dockery 1993, 
Laden 2000, Laden 2006).  By way of comparison, the relative risk of dying prematurely 
is 2.3 for a current smoker, 1.5 for a former smoker and 1.3 from PM2.5 in a heavily 
polluted city. 
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Figure 3:  Relative Risk of Dying
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The relationship between daily death rate and the concentration of either ozone or PM2.5 
is linear, i.e. relative risk of dying varies directly with the level of pollutant.  Statisticians 
find no evidence for a threshold, i.e. a little air pollution is bad and more is worse 
(Goldberg et al., 2001a, Schwartz 2002, Gryparis 2004, Bell 2006).  The magnitude of 
the relationship depends on duration of exposure (Dominici 2003, Goodman 2004). 
 
Table 2 shows the death rates in the United States.  The overall death rate in the United 
States is approximately 830 per 100,000 of the population per year.  The death rate from 
tobacco use is approximately 17% of the US total (US Census Bureau).  Air pollution 
accounts for approximately 8%, with a range of 12 to 146 and a median value of 64 
deaths per year per 100,000 of the population (Pope 1995, Samet 2000, Kunzli 2000, 
Pope 2002, Clancy 2002, Ballester 2002, Medina 2004, Jerrett 2005).  Note that the rate 
for air pollution exceeds the rate for alcohol, firearms and motor vehicle accidents 
combined. 
 
 

Table 2:  Comparison of Mortality Rates in the United States 
Cause of death Rate/100,000 Percent 
US total 830 100 
Tobacco 150 18 
Air pollution 64 8 
Alcohol, firearms, & motor vehicle 
accidents combined 

57 7 
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Health Costs of Air Pollution 
 
There is a strong correlation between the concentration of PM10 in the air and utilization 
of outpatient and inpatient medical services by Medicare recipients in the United States 
(Fuchs and Franks 2002).  These investigators estimated that reducing the concentration 
of PM10 by 10 μg/m3 would lead to a savings of $177 per year per senior citizen.  Given 
the currently prevailing level of PM10, the total direct medical cost would be 
approximately $370 per Medicare recipient per year. 
 
In southern California, the total cost of school absences related to air pollution was 
approximately $245 million (Hall 2003).  It was estimated that the reductions in air 
pollution estimated to occur by 2010 will result in fewer children visiting emergency 
rooms, fewer hospitalizations, a reduction in number of low birth rate infants, with an 
annual medical savings of approximately $267 million for children (Wong 2004). 
 
Studies based on large populations indicate that total health costs of air pollution, which 
include the impact of premature deaths, range from $600 to $1,000 per adult per year 
(Hall 1992, Levy 2001, Kunzli 2002, Hall 2006).  The average is approximately $800 per 
adult per year.  In Virginia that would come to approximately $4.8 billion per year, or 1.6 
% of Virginia’s gross domestic product. 
 
 
Effect of Interventions 
 
Rate of fall.  When emissions of air pollutants cease, air pollution levels drop rapidly.  In 
a 2003 power outage that affected mid-Atlantic states there were 50-90% reductions in 
SO2, ozone and light scattering particles within 24 hours (Marufu 2004). 
 
Morbidity.  In several places local or regional levels of particulate air pollution fell for 
several weeks or longer.  Studies of these events have yielded valuable information on 
the impact of interventions on pollution-related illnesses.  In the Salt Lake City area a 
steel plant was closed for a year for economic reasons (Pope 1989).  In East Germany, 
particulate pollution fell substantially after reunification (Heinrich 2000).  The downtown 
area of Atlanta was closed to traffic for several weeks during the 1996 summer Olympic 
Games (Friedman 2001).  The results of these studies are depicted in Figure 4 on page 10.  
Note that for each percent decrement in air pollution (dark grey bars), there is a nearly 
identical decrement in respiratory illness (light grey bars). 
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Figure 4.  Effect of Interventions
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Mortality.  In Dublin, Ireland the sale of bituminous coal for home space and water 
heating was banned in 1990.  Mortality ascribable to air pollution was studied for 6 years 
before and 6 years after the ban.  The concentration of black smoke (BS) in the air fell by 
70%.  Death rates from all causes except trauma fell by 5.7%, respiratory deaths fell by 
15.5 % and cardiovascular deaths fell by 10.3%.  Approximately 75 deaths per year per 
100,000 population could be attributed to air pollution (Clancy 2002). 
 
 
Consequences of Lowering Air Pollution in Virginia 
 
A one-third reduction in current levels of ambient particulate matter and ozone would be 
expected to reduce asthma and bronchitis in children by approximately one-third.  
Premature deaths would fall by 21 per 100,000 of the population per year, or 
approximately 2.5% of the total death rate.  The savings from reduced medical costs 
would come to approximately $1.6 billion per year. 
 
 
Progress to Date 
 
The data presented in the references cited do not take into account measures taken in 
recent years to ameliorate outdoor air pollution.  In the United States, measures have 
already been in effect for several years to reduce emissions from on-road vehicles and 
power plants.  Internal combustion engines are more efficient.  As of October 2006, 
diesel fuel has 90% less sulfur.  In 2007, emissions from selected off-road vehicles will 
be curtailed. 
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Summary 
 
Fine particulate matter and ozone have the greatest impact on human health.  At levels 
prevailing in Virginia, they are responsible for increased morbidity and mortality.  The 
death rate from air pollution is approximately 40% of that for tobacco use.  The health 
costs are approximately $4.8 billion (1.6% of Virginia’s gross domestic product). 
 
Interventions that reduce air pollution are accompanied by a comparable percentage fall 
in respiratory illness in children, and a substantial decrease in death rate.  A one-third 
reduction of air pollution in Virginia could lower children’s respiratory illnesses by 
approximately one-third, reduce death rate by 3% and save Virginia 1.6 billion dollars 
per year. 
 
 
Recommendations 
 
Use Energy Efficiently 
 

Home:  Insulate.  Adjust thermostats for less cooling in summer and less heating 
in winter.  Conserve water and use hot water judiciously. 

 
Architecture:  Build environmentally compatible residential and commercial 
buildings. 

 
Energy supply:  Utilize renewable sources (solar, wind, geothermal, etc.). 

 
On-road vehicles:  Maintain proper tire inflation.  Keep engine tuned.  Minimize 
unnecessary idling (idling engines pollute excessively).  Drive within the speed 
limits (fuel consumption increases drastically above 65 mph).  Avoid excessive 
acceleration and braking. 

 
Enact Legislation 
 

Off-road vehicles:  Develop and enact emissions standards for off-road vehicles 
that parallel standards for on-road vehicles. 

 
Control idling and speed limits:  Excessive idling and speeding waste fuel.  
Banning idling and putting in place lower speed limits would signal the public 
that energy efficiency is an important component of environmental health. 



 12

Bibliography 
 
Atkinson RW, Anderson HR, Sunyer J, Ayres J, et al.  Acute effects of particulate air 
pollution on respiratory admissions: results from APHEA 2 project.  Air Pollution and 
Health: a European Approach.  Am J Respir Crit Care Med 2001; 164:1860-66. 
 
Ballester F, Saez M, Perez-Hoyos S, et al.  The EMECAM project: a multicentre study on 
air pollution and mortality in Spain:  Combined results for particulates and sulfur dioxide.  
Occup Environ Med 2002; 59:300-08. 
 
Bell ML, Dominici F, Samet JM.  A meta-analysis of time-series studies of ozone and 
mortality with comparison to the national morbidity, mortality, and air pollution study.  
Epidemiology. 2005; 16:436-45. 
 
Bell ML, Peng RD, Dominici F.  The exposure-response curve for ozone and risk of 
mortality and the adequacy of current ozone regulations.  Environ Health Perspect 2006; 
114:532-536. 
 
Brajer V, Hall JV.  Change in the distribution of air pollution exposure in the Los 
Angeles Basin from 1990 to 1999.  Contemporary Economic Policy 2005; 23:50-58. 
 
Brauer, M., Avila-Casado, C., Fortoul, T.I., Vedal, S., Stevens, B., and Chung, A. Air 
Pollution and Retained Particles in the Lung, Environ Health Perspect 2001; 109:1039-
1043. 
 
Clancy L, Goodman P, Sinclair H, Dockery DD.  Effect of air-pollution control on death 
rates in Dublin, Ireland: an intervention study.  Lancet 2002; 360:1210-14. 
 
Cohen AJ, Ross Anderson H, , Ostro B, Pandey KD, Krzyzanowski M, Kunzli N, 
Gutschmidt K, Pope A, Romieu I, Samet JM, Smith K.  The global burden of disease due 
to outdoor air pollution.  J Toxicol Environ Health 2005; 68:1301-1307. 
 
Dockery DW, Pope CA III, Xu X et al.  An association between air pollution and 
mortality in six U.S. cities.  N Engl J Med 1993; 329:1753-1759. 
 
Dominici F, McDermott A, Zeger S, Samet JM.  Airborne particulate matter and 
mortality: timescale effects in four US cities.  Am J Epidemiol 2003; 157:1055-1065. 
 
Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, Samet JM.  Fine 
particulate air pollution and hospital admissions for cardiovascular and respiratory 
diseases.  JAMA 2006; 295:1127-1134. 
 
Friedman MS, Powell KE, Hutwagner L, Graham LM, Teague GW.  Impact of changes 
in transportation and commuting behaviors during the 1996 summer Olympics games in 
Atlanta on air quality and childhood asthma.  JAMA 2001; 285:897-905. 
 



 13

Fuchs VR, Frank SR.  Air pollution and medical care use by older Americans:  A cross-
area analysis.  Health Affairs 2002; 21:207-214. 
 
Fujii, T., Hayashi, S., Hogg, J.C., Vincent, R., and Van Eeden, S.F.  Particulate Matter 
Induces Cytokine Expression In Human Bronchial Epithelial Cells. Am. J. Respir. Cell 
Mol. Biol. 2001; 25:265-271. 
 
Garshick E, Laden F, Hart JE, Caron A.  Residence near a major road and respiratory 
symptoms in U.S. Veterans.  Epidemiology 2003; 14:728-36. 
 
Gauderman WJ, Gilliland GF, Vora H, Avol E, Stram D, McConnell R, Thomas D, 
Lurmann F, Margolis HG, Rappaport EB, Berhane K, Peters JM.  Association between 
air pollution and lung function growth in southern California children.  Am J Respir Crit 
Care Med 2002; 166:76-84. 
 
Gauderman WA, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, McConnell R, 
Kuenzli N, Lurmann F, Rappaport E, Margolis H, Bates D, Peters J.  The effect of air 
pollution on lung development from 10 to 18 years of age.  N Engl J Med 2004; 
351:1132-1134. 
 
Gent JF, Triche EW, Holford TR, Belanger K, Bracken MB, Beckett WB, Leaderer BP.  
Associations of low-level ozone and fine particles with respiratory symptoms in children 
with asthma.  JAMA 2003; 290:1859-1867. 
 
Ghio, A.J. and Devlin, R.B. Inflammatory Lung Injury after Bronchial Instillation of Air 
Pollution Particles. Am. J. Crit. Care Med. 2001; 164:704-708. 
 
Goldberg MS, Burnett RT, Bailar JC III et al.  The association between daily mortality 
and ambient particle pollution in Montreal, Quebec. 1. Non-accidental mortality.  
Environmental Research 2001; 86:12-15 
 
Goldberg MS, Burnett RT, Bailar JC 3rd, Brook J, Bonvalot Y, Tamblyn R, Singh R,  
Valois MF, Vincent R.  The association between daily mortality and ambient air particle 
pollution in Montreal, Quebec. 2. Cause-specific mortality.  Environ Res 2001; 86:26-36. 
 
Goodman PG, Dockery DW, Clancy L.  Cause-specific mortality and the extended 
effects of particulate pollution and temperature exposure.  Environ Health Perspect 2004; 
112:179-185. 
 



 14

Gotschi T, Oglesby L, Mathys P, Monn C, Manalis N, Koistinen K, Jantunen M, 
Hanninen O, Polanska L, Kunzli N.  Comparison of black smoke and PM2.5 levels in 
indoor and outdoor environments of four European cities.  Environ Sci Technol 2002; 
36:1191-1197. 
 
Gryparis A, Forsberg B, Katsouyanni K, Analitis A, Touloumi G, Schwartz J, Samoli E, 
Medina S, Anderson HR, Niciu EM, Wichmann H-E, Kriz B, Kosnik M, Skorkovsky JM, 
Dortbudak Z.  Acute effects of ozone on mortality from the “Air Pollution and Health: A 
European Approach” Project.  Am J Respir Crit Care Med 2004; 170:1080-1087. 
 
Ha EH, Lee JT, Kim H, Lee BE, Park HS, Christiani DC.  Infant susceptibility of 
mortality to air pollution in Seoul, South Korea.  Pediatrics 2003; 111:284-290 
 
Hall JV, Brajer V, Lurmann F.  The Health and Related Economic Benefits of Attaining 
Healthful Air in the San Joaquin Valley.  Institute for Economic and Environmental 
Studies 2006; pp1-85. 
 
Hall JV, Brajer V, Lurmann FL.  Economic valuation of ozone-related school absences in 
the south coast air basin of California.  Contemporary Economic Policy 2003; 21:407-
417. 
 
Hall JV, Winer AM, Kleinman MT, Lurmann FW, Brajer V, Colome SD.  Valuing the 
health benefits of clean air.  Science 1992; 255:812-817. 
 
Heinrich J, Hoelscher B, Wichmann HE.  Decline of ambient air pollution and respiratory 
symptoms in children.  Am J Respir Crit Care Med 2000; 161:1930-1936. 
 
Heinrich J, Hoelscher B, Frye C, Meyer I, Pitz M, Cyrys J, Wjst M, Neas L, 
Wichmann HE.  Improved air quality in reunified Germany and decreases in respiratory 
symptoms.  Epidemiology. 2002; 13:394-401. 
 
Hoek G, Brunekreef B, Goldbohm S, Fischer P, van den Brandt PA.  Association 
between mortality and indicators of traffic-related pollution in the Netherlands:  a cohort 
study.  Lancet 2002; 360:11203-1209. 
 
Hong YC, Lee J-T, Kim H, Kwan HJ.  Air pollution:  a new risk factor in ischemic stroke 
mortality.  Stroke 2002; 33:2165-2169. 
 
Hong YC, Lee TJ, Kim H, Ha EH, Schwartz J, Christiani DC.  Effects of air pollution on 
acute stroke mortality.  Environ Health Perspect 2002; 110:187-191. 
 
Horak F Jr, Studnicka M, Gartner C, Spengler JD, Tauber E, Urbanek R, Veiter A, 
Frischer T.  Particulate matter and lung function growth in children:  a 3-yr follow-up in 
Austrian schoolchildren.  Eur Respir J 2002; 19:838-845. 
 



 15

Hoyos SP, Wichmann HE, Katsouyanni K.  The temporal pattern of respiratory and heart 
disease mortality in response to air pollution.  Enviro Health Perspect 2003;111:1188-93. 
 
Jerrett M, Burnett RT, Ma R, Pope CA, Krewskki D, Newbold KB, Thurston G, Shi Y, 
Finkelstein N, Calle EE, Thun MJ.  Spatial analysis of air pollution and mortality in Los 
Angeles.  Epidemiology 2005; 16:727-736. 
 
Kaiser R, Romieu I, Medina S, Schwartz J, Krzyzanowski M, Kunzli N.  Air pollution 
attributable postneonatal infant mortality in U.S. metropolitan areas: a risk assessment 
study.  Environ Health. 2004; 3:1-4. 
 
Kim JJ, Smorodinsky S, Lipsett M, Singer BC, Hodgson AT, Ostro B.  Traffic-related air 
pollution near busy roads.  The East Bay children’s respiratory health study.  Am J Respir 
Crit Care Med 2004; 170:520-526 
 
Kunzli N., Kaiser, R., Medina, S., Studnicka, M., Chanel, O., Filliger, P., Herry, M., 
Horak, F. Jr., Puybonnieux-Texier, V., Quenel, P., Schneider, J., Seethader, J., Vergnaud, 
J-C., and Sommer, H.  Public-Health Impact of Outdoor and Traffic-Related Air 
Pollution:  A European Assessment.  The Lancet 2000; 356:795-801. 
 
Kunzli N.  The public health relevance of air pollution abatement.  Eur Respir J 2002; 
20:198-209. 
 
Kunzli N, Jerrett M, Mark WJ, Beckerman B, LaBree L, Gilliland F, Thomas D, Peters J, 
Hodis HN.  Ambient air pollution and atherosclerosis in Los Angeles.  Environ Health 
Perspect 2005; 113:201-206. 
 
Laden F, Neas LM, Dockery DW, Schwartz J  Association of fine particulate matter from 
different sources on daily mortality in six U.S. cities.  Environ Health Perspect 2000; 
108:941-947. 
 
Laden F, Schwartz J, Speizer FE, Dockery DW.  Reduction in fine particulate air 
pollution and mortality.  Extended follow-up of the Harvard six cities study.  Am J Respir 
Crit Care Med 2006; 173:667-672. 
 
Lanki T, de Hartog JJ, Heinrich J, Hoek G, Janssen NA, Peters A, Stolzel M, Timonen 
KL, Vallius M, Vanninen E, Pekkanen J.  Can we identify sources of fine particles 
responsible for exercise-induced ischemia on days with elevated air pollution?  The 
ULTRA study.  Environ Health Perspect 2006; 114:655-660. 
 
Levy JI, Carrothers TJ, Tuomisto JT, Hammitt JK, Evans JS.  Assessing the public health 
benefits of reduced ozone concentrations.  Environ Health Perspect 2001; 109:1215-
1226. 
 



 16

Long CM, Suh HH, Kobzik L, Catalano PJ, Ning YY, Koutrakis P.  A pilot investigation 
of the relative toxicity of indoor and outdoor fine particles: in vitro effects of endotoxin 
and other particulate properties.  Environ Health Perspect 2001; 109:1019-1026. 
 
Low RB, Bielory L, Qureshi AI, Dunn V, Stuhlmiller DF, Dickey DA.  The relation of 
stroke admissions to recent weather, airborne allergens, air pollution, seasons, upper 
respiratory infections, and asthma incidence, September 11, 2001, and day of the week.  
Stroke 2006; 37:951-957. 
 
Marufu LT, Taubman BF, Piety CA, Doddridge BG, Stehr JW, Dickerson RR.  The 2003  
North American electrical blackout:  An accidental experiment in atmospheric chemistry.  
Geophys Res Lett 2004; 31: L13106. 
 
McConnell R, Berhane K, Yao L, Jerrett M, Lurmann F, Gilliland F, Kunzli N, 
Gauderman J, Avol E, Thomas D, Peters J.  Traffic, susceptibility, and childhood asthma.  
Environ Health Perspect 2006; 114:766-772. 
 
McGowan JA, Hider RN, Chacko E, Town GI. Particulate air pollution and hospital 
admissions in Christchurch, New Zealand. Aust N Z J Public Health 2002; 26:23-9. 
 
Medina S, Plasencia A, Ballester F, Mucke HG, Schwartz J, on behalf of the Apheis 
group.  Apheis:  Public health impact of PM10 in 19 European cities.  J Epidemiol 
Community Health 2004; 58:831-836. 
 
Peters A, von Klot S, Heier M, Trentinaglia I, Hormann A, Wichmann HE, Lowel H.  
Exposure to traffic and the onset of myocardial infarction.  New Engl J Med 2004; 
351:1721-1730. 
 
Pope CA III, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD.  Lung 
cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air 
pollution.  JAMA 2002; 287:1132-1141. 
 
Pope CA III, Burnett RT, Thurston GD, Thun MJ, Calle RE, Krewski D, Godleski JJ. 
Cardiovascular mortality and long-term exposure to particulate air pollution: 
epidemiologic evidence of general pathophysiological pathways of disease.  Circulation 
2004; 109:71-77. 
 
Pope CA III, Thun MJ, Namboodiri MM, Dockery DW, Evans JS, Speizer FE, Heath 
CW Jr.  Particulate air pollution as a predictor of mortality in a prospective study of US 
adults.  Am J Respir Crit Care Med 1995; 151:669-674. 
 
Pope CA III.  Respiratory disease associated with community air pollution and a steel 
mill, Utah Valley.  Am J Public Health 1989; 79:623-628. 
 



 17

Rabinovitch N, Strand M, Gelfand  EW.  Particulate levels are associated with early 
asthmatic worsening in children with persistent disease.  Am J Respir Crit Care Med 
2006; 173:1098-1105. 
 
Ritz, B., Yu, F., Fruin, S., Chapa, G., Shaw, G.M. and Harris, J.A. Ambient Air Pollution 
and Risk of Birth Defects in Southern California. Am J Epidemiol 2002; 155:17-25. 
Ritz B, Wilhelm M, Zhao Y.  Air pollution and infant death in southern California, 1989-
2000.  Pediatrics 2006; 118:493-502. 
 
Romieu I , Meneses F, Ruiz S et al.  Effects of air pollution on the respiratory health of 
asthmatic children living in Mexico City.  Am Rev Respir Crit Care Med 1996; 154:300-
307. 
 
Roosli M, Kunzli N, Braun-Fahrlander C, Egger M.  Years of life lost attributable to air 
pollution in Switzerland: dynamic exposure-response model.  Int J Epidemiol. 2005; 
34:1029-35.  
 
Ruckeri R, Ibald-Mulli A, Koenig W, Schneider A, Woelke G, Cyrys J, Heinrich J, 
Mardr V, Frampton M, Wichmann HE, Peters A.  Air pollution and markers of 
inflammation and coagulation in patients with coronary heart disease.  Am J Respir Crit 
Care Med 2006; 173:432-441. 
 
Samet JM, Domenici F, Curriero FC, Coursac I, Zeger SL.  Fine particulate air pollution 
and mortality in 20 U.S. cities, 1987-1994.  N Engl J Med 2000; 343:1742-1749. 
 
Schaumann F, Borm PJA, Herbrich A, Knoch J, Pitz M, Schins RPF, Luettig B, Hohlfeld 
JM, Heinrich J, Krug N.  Metal-rich ambient particles (particulate matter2.5) cause airway 
inflammation in healthy subjects.  Am J Respir Crit Care Med 2004; 170:898-903. 
 
Schwartz J, Dockery DW.  Increased mortality in Philadelphia associated with daily air 
pollution concentrations.  Am Rev Respir Dis 1992; 145:600-604. 
 
Schwartz J, Laden F, Zanobetti A.  The concentration-response relation between PM2.5 
and daily deaths.  Environ Health Perspect. 2002; 110:1025-1029. 
 
Sheppard L, Levy D, Norris G, Larson TV, Koenig JQ.  Effects of ambient air pollution 
on nonelderly asthma hospital admissions in Seattle, Washington, 1987-1994.  
Epidemiology 1999; 10:23-30. 
 
Sunyer J, Basagana X, Belmonte J, Anto JM.  Effect of nitrogen dioxide and ozone on the 
risk of dying in patients with severe asthma.  Thorax 2002; 57:687-93. 
 
Tolbert PE, Klein M, Metzger KB, Peel J, Flanders WD, Todd K, Mulholland JA, 
Understanding the Health Effects of Components of the Particulate Matter Mix: Progress 
and Next Steps.  HEI Perspectives.  April 2002. 
 



 18

Valois MF, Vincent R.  The association between daily mortality and ambient air particle 
pollution in Montreal, Quebec. 2. Cause-specific mortality.  Environ Res 2001; 86:26-36. 
Wang, X., Ding, H., Ryan, L., and Xu, X. Association Between Air Pollution and Low 
Birth Weight: A Community-Based Study. Environ Health Perspect 1997; 105:514-520. 
 
Wellenius GA, Bateson TF, Mittleman MA, Schwartz J.  Particulate air pollution and the 
rate of hospitalization for congestive heart failure among medicare beneficiaries in 
Pittsburgh, Pennsylvania.  Am J Epidemiol. 2005; 161:1030-6.  
 
Wellenius GA, Schwartz J, Mittleman MA.  Air pollution and hospital admissions for 
ischemic and hemorrhagic stroke among medicare beneficiaries.  Stroke. 2005; 36:2549-
53. 
 
Wellenius GA, Schwartz J, Mittleman MA.  Particulate air pollution and hospital 
admissions for congestive heart failure in seven United States cities.  Am J Cardiol. 2006; 
97:404-408. 
 
Wong EY, Gohlke J, Griffith WC, Farrow S, Faustman EM.  Assessing the health 
benefits of air pollution reduction for children.  Environ Health Perspect 2004; 112:226-
232. 
 
Zanobetti A, Schwartz J, Samoli E, Gryparis A, Touloumi G, Atkinson R, Le Tertre A, 
Bobros J, Celko M, Goren A, Forsberg B, Michelozzi P, Rabczenko D, Aranguez Ruiz E, 
Katsouyanni K.  The temporal pattern of mortality responses to air pollution: a multicity 
assessment of mortality displacement.  Epidemiology. 2002; 13:87-93.  
 
Zanobetti A, Schwartz J.  The effect of particulate air pollution on emergency admissions 
for myocardial infarction: a multicity case-crossover analysis.  Environ Health Perspect. 
2005; 113:978-982. 
 
Zhang JJ, Hu W, Wei F, Wu G, Korn LR, Chapman RS. Children's respiratory morbidity 
prevalence in relation to air pollution in four Chinese cities. Environ Health Perspect.  
2002; 110:961-967. 
 
 


